Introduction
Submarine canyons are prominent topographic features which modify the coastal circulation and induce high shelfslope exchanges of water and particles [Hickey et al., 1986 ; Durrieu de 3Iadron, 1994; Monaco et al., 1999] . Owing to their topographic irregularity, canyons appear to be very difficult regions to make in situ measurements. In the past, only a few observational studies around canyons have been carried out and they were mainly focused on the along-canyon flow. Freeland and Denman [1982] observed a persistent upwelling region of dense water, characterized by a high nutrient content, on the coastal shelf near the Juan de Fuca Canyon (NE U.S. coast). They proposed that upwelling was associated to an upcanyon flow which was forced by the cross-shelf pressure gradient. Strong along-canyon axis motion has been also observed within canyons of the NE and NW U.S. coasts [e.g., Hickey et al., 1986; Hunkins, 1988 [Rojas et al., 1995] canyons enlightened the presence of a cyclonic circulation within the canyons and an anticyclonic circulation in the downstream side of the canyons. Alvarez et al. [1996] analyzed the modifications induced by the short-timescale response of the slope current to the presence of Palam6s Canyon. They demonstrated that the short-timescale variability was responsible for displacements of the jet interacting with the canyon and producing different regimes of shelf-slope exchange. Granata et al. [1999] reported important downwelling motion within the Blanes Canyon responsible for a high downward particle transport. A similar pattern was also observed in the Grand-Rh6ne Canyon on the Mediterranean coast of France [Durrieu de Madron, Runs were also performed representing the geometry of Astoria and Tully Canyons (NW U.S. coast). Numerical results demonstrated that the effect of nonlinearity was to advect the flow pattern downstream as well as to enhance cyclonic vorticity within the canyon, in agreement with field observations over Astoria Canyon. However, the agreement for Tully Canyon was much poorer and the discrepancy of the solution was attributed to the complexity of the topography. Klinck [1996] implemented a nonlinear semispectral primitive equation multilayer model to look at the response of a canyon to both left-and right-bounded incident flows, under weakly and strongly stratified conditions. The bottom topography was represented by an uniform shelf that was cut in the middle of the alongshore distance by a canyon of triangular shape. Numerical results indicated that the most important factor controlling shelf-slope exchanges was the direction of the along-shelf flow, where the left-bounded flow (upwelling favorable case) induced much stronger exchange at the shelf break. The effect of stratification was to limit the vertical extent of the topography so that the incident flow was only weakly affected by the presence of the canyon under strongly stratified conditions. Vertical viscosity and wind stress were ignored in the various simulations and, consequently, the bottom and surface Ekman layers dynamics were not investigated.
So far, mainly process studies with simple geometry/topography of shelf and canyon domains were considered in order to assess the adjustment occurring between the baroclinic flow and the canyon topography. More recently, Ardhuin et al. [1999] studied the circulation in the Blanes Canyon area using a free-surface three-dimensional primitive equation model, with real canyon and shelf topography. Results indicated the presence of a geostrophic anticyclonic circulation in the intermediate layers within the canyon, while near the surface the flow was undisturbed by the canyon topography. The effect of wind forcing on the flow pattern was to generate significant vertical and cross-shore motions steered by the topographic slope.
In all of these modeling studies, canyon interaction with irregular nearshore topography, such as a bay configuration, where nonlinear processes, bottom and surface Ekman layers dynamics become very important, was not considered. In the present study, a three-dimensional nonlinear primitive equation model of high horizontal and vertical resolution is used, to represent a nonlinear viscous flow over realistic canyon and nearshore topography. The site under interest is the Calvi area (Figure 1 ) which is located on the NW Corsica coast (NW Mediterranean Sea).
Regional Circulation in the Calvi Area
The Calvi coastal area is characterized by a small-scale, very narrow (•3 km mean width), deep (•600 m mean depth), and steep-sided (up to 40 ø bottom slope) canyon (Figure 1) . It intrudes approximately 6 km onto an irregular and narrow shelf. The canyon head, located in front of the Calvi Bay, bisects the shelf into two parts. The large-scale dominant element of the hydrodynamics of the Ligurian Proven9al Basin (NW Mediterranean) is a well-defined cyclonic circulation, where a quasi-permanent slope geostrophic current is present [Millot, 1991] . Off the NW Corsican coast the socalled West Corsican Current (WCC) is directed northeastward and exhibits a seasonal variability, with the lowest values in late summer and autmnn, progressively increasing in intensity to a maximum in early summer [Astraldi and Gasparini, 1992] . The current offshore of the Calvi Bay is in quasi-geostrophic balance, following the isobaths, and thus reducing cross-shelf exchanges. However, the Calvi Canyon being across the path of the current, induces a new dynamic balance, which is nongeostrophic. Nonlinear processes become important in the vicinity of a narrow canyon. An indicator of nonlinearity within the canyon could be the Rossby number (Ro= U/fL), representing the relative importance of momentum advection, where U is the incident current velocity in the canyon, f the Coriolis parameter and L the horizontal length scale that can be taken equal to the half width of the canyon. For the Calvi Canyon, where U•4). 1 m s -• and L•1.5 km, R o is •4).7, indicating that advection of momentum plays an important role on the flow pattern. Bottom friction can induce a further enhancement of the ageostrophic transport. In addition, strong wind events often occurring in this region, namely, the Libeccio (blowing from the southwest), and the Tramontane (blowing from the north-northeast) are responsible for complex flow patterns. For such a complicated flow structure a numerical modeling approach is necessary in order to estimate the relative importance of the various non-linear processes controlling the fluxes of water and particles in the area.
In previous studies the circulation in the Calvi Bay was investigated on the basis of field observations. Long-term measurements of subsurface currents (mean current velocity every 10 min at 10 m depth) and of meteorological parameters (mean wind speed and direction every 10 min at 6 m height above the sea surface) were made in the vicinity of Calvi during and after the Medalpex experiment (1981) (1982) (1983) [Djenidi, 1985; Djenidi et al., 1987] . Figure 2a shows some examples of current measurements in key locations, presented under the form of progressive vector diagrams drawn for several weeks periods. Observations highlighted a mean anticyclonic circulation in the western part of the bay and a slightly weaker cyclonic circulation in the eastern part of the bay (Figure 2b ). An offshore flow downstream of the canyon head was also reported. Transient upwelling structures accompanied with flow reversals were observed during strong wind events (Figures 2c and 2d) . However, the flow variability was not always clearly related to the local meteorological events, and the hypothesis of effects of Ligurian Proven9al front instabilities through the canyon region was suggested. Norro [1995] , based on current, wind and temperature measurements, demonstrated the existence of strong coastal upwelling motion in the eastern part of the bay in relation to local strong N-NE wind events. A mean anticyclonic circulation within the whole bay was proposed. However, it was suggested that the flow pattern was not always associated with local meteorological conditions but was rather imposed by the offshore circulation.
In these studies the influence of the canyon topography was not really examined, so that the objective of this work is to investigate this influence on the shelf-slope exchanges as well as on the circulation in the Calvi Bay, by means of the GeoHydrodynamics and Environment Research (GHER) laboratory of the University of Libge three-dimensional model. Special attention will also be paid on the additional effects of the meteorological forcing on the flow patterns.
Numerical Model
The study is based on the GHER three-dimensional baroclinic nonlinear primitive equation model using a k-I turbulent closure 
Wus = o-(•t + uVhH) + uVh h, the deviation from the vertically averaged horizontal velocity is assumed. At the western boundary the turbulent kinetic energy vertical profile is calculated by assuming that production balances dissipation of energy, whereas a radiation condition is imposed at the eastern boundary.
Results and Discussion
With the aim of appraising the canyon and wind forcing effects on flow pattems, a homogeneous density field is assumed, which is representative of that observed from mid December to late March. 
Simulations With Wind Forcing
Model results for the SW wind event case show that the mean horizontal flow is strengthened by the wind, especially in the nearshore area where the wind forcing affects the whole water column (Figure 10a) . The mean flow pattern is rather similar to the no-wind case, but the anticyclonic gyre in the western part of the bay as well as the cyclonic circulation in the eastern part of the bay are clearly reinforced. An offshore flow of high intensity (about 10 times larger than the no-wind ease) is obtained at the eastern edge of the bay. Another effect of SW winds is to reduce cyclonic vorticity within the canyon. The result is that cross-shelf exchange in the canyon region is enhanced. The mean ratio of cross-shelf/along-shelf transport is increased about 15% with respect to the no-wind simulation. In the bay, the vertical structure of the flow presents a high variability. Surface currents (Figure 10b) , induced by the wind stress, are more intense and generally ohented northeastward, while bottom currents (Figure 10c Furthermore, the model results demonstrated that the canyon topography is responsible for a strong downwelling-upwelling motion dominating the vertical transport of material and thus regulating the biological interactions in the area. The effect of the wind forcing on the flow pattern appears to induce strong anticyclonic (NE wind) or cyclonic (SW wind) circulation within the bay as well as strong coastal upwellingdownwelling motion. Cross-shore transports in front of the bay become 3-4 times larger than in the no-wind case. Vertical velocity within the canyon is an increasing function of cyclonic vorticity which is enhanced (reduced) by the N-NE (SW) wind event. SW winds significantly increase cross-shelf exchanges, while N-NE winds cause, on average, an opposite effect. However, the exchanges are increased at the canyon head, indicating that in that case the canyon plays the role of a transition zone for an intense offshore transport of organic particles and pollutants produced within the bay.
Furthermore, simulations for the baroclinic case should be performed to investigate the dynamics in a strongly stratified period, for example, prior to a secondary phytoplankton bloom. Additional runs need also to be considered to assess the effects of the seasonal variability of the West Corsica Current intensity that determines the incident alongshore flow characteristics. Moreover, instabilities of the LiguroProven9al front may induce short-timescale variability of the slope current and shelf-slope exchanges in the coastal area of Calvi. A larger scale, high-resolution model should be developed to investigate the interaction of such complex dynamic instabilities with the canyon/shelf system.
